In breast cancer cells expressing the progesterone receptor (PR), progesterone induces a biphasic change in cell cycle progression, initially accelerating the cells to progress through the cell cycle and then inducing an arrest in the G 0 /G 1 phase of the subsequent cycle (29) . PR, a member of the steroid-thyroid receptor family of ligand-activated transcription factors (6, 40) , is expressed as two isoforms, the longer PR-B form, containing 933 amino acids, and PR-A, which lacks the first 164 amino acids of PR-B (17) . The isoforms have distinct tissue-specific functions and regulate different subsets of genes (10, 28, 35) .
The functions of PR are regulated not only by progesterone but also by modulators of various cell signaling pathways (3, 21) . The phosphorylation sites in PR (18) , as in those of other steroid receptors, including the estrogen receptor (ER) (23) , androgen receptor (AR) (12) , and glucocorticoid receptor (GR) (4) , are predominantly Ser-Pro motifs suggestive of regulation by proline-directed kinases, which include the cyclindependent kinases and the mitogen-activated protein kinases (MAPKs). Moreover, several recent reports have shown that cyclins, which are expressed in a cell cycle-dependent manner, can regulate steroid receptor function and that this regulation is independent of the kinase partner (19, 30, 32, 43) . Early studies of GR function suggested reduced transcriptional activity and elevated basal phosphorylation of GR in the G 2 phase of the cell cycle (15) , although a more recent study failed to detect a reduction in GR activity in G 2 phase (1) . AR activity is reduced in cells blocked in G 1 /S phase compared to cells in G 0 or S phase, although GR in the same cells did not show a comparable reduction in activity (26) . None of the studies have identified the cause(s) of the alterations in activity. Our recent finding that PR activity is stimulated by cyclin A/Cdk2 (30) led us to measure the activity of PR as a function of cell cycle in T47D breast cancer cells, which express endogenous PR-B and PR-A.
Using T47D cells stably transfected with mouse mammary tumor virus (MMTV) chloramphenicol acetyltransferase (CAT) (Cat0) synchronized in the G 1 , S, and G 2 /M phases of the cell cycle, we found that PR function and phosphorylation is cell cycle dependent. PR activity was highest in S phase. Although PR expression was reduced in the G 2 /M phase, the activity per molecule of receptor was reduced in both G 1 and G 2 /M phases compared to that seen in the S phase of the cell cycle. PR is recruited to the MMTV promoter equivalently in the G 1 and S phases, but recruitment of SRC-1, SRC-3, and, consequently, CBP is reduced in G 1 phase despite comparable expression levels of SRC-1 and SRC-3. Interestingly, the cytoplasmic-to-nuclear distribution of PR in response to hormone in S phase differs from the results seen with G 1 and G 2 /M phase. Hormone treatment causes a marked increase in nuclear PR in S phase but not in the other phases. In addition to the reduction in transcriptional activity in G 2 /M phase, we found that sitespecific phosphorylation of PR at Ser 162 and Ser 294 was abolished. Treatment with the histone deacetylase (HDAC) inhibitor trichostatin A (TSA) elevated G 1 and G 2 /M activity to that of the S phase with little effect in S phase, indicating that the failure to recruit sufficient levels of active histone acetyltransferases (HATs) is the primary defect in PR-mediated transactivation.
washed, fed with charcoal-stripped serum, and treated with 10 nM R5020 for 6 h or left untreated. The cells were washed with PBS, trypsinized, resuspended in culture medium, and stained with Hoechst 33342 dye (10 g/ml in water) for 90 min. The cells were spun down, resuspended in cold HBS, and sorted using Altra FACS.
Preparation of Ser 162 monoclonal antibody. Phosphospecific Ser 162 monoclonal antibody was generated as described earlier for phosphospecific Ser 190 and Ser 294 antibodies (9) by the use of a synthetic phosphopeptide conjugated to keyhole limpet hemocyanin-KLH [NH2-CGGATQRVLS(PO3)PLMSRSG-C OOH] as the antigen. The PR sequence in the peptide corresponds to amino acids 156 to 169; the N-terminal CGG are extra amino acids added for conjugation to KLH and to separate the receptor sequence from KLH. Sera from the immunized mice were tested for antibody titers by enzyme-linked immunosorbent assays as described earlier (9) . Mouse spleen cells were fused with the THT (Fox-NY) myeloma cell line (41) , and the hybridomas were screened by enzymelinked immunosorbent assay for differential reactions against free (nonconjugated) phospho-and dephosphopeptide followed by Western blotting of T47D cell extracts for a monoclonal antibody reaction with the phosphorylated peptide sequence in the context of native PR-B.
Reporter gene analysis. The cells were harvested by adding TEN (0.15 M NaCl, 0.01 M EDTA, 0.04 M Tris, pH. 8.0) at room temperature for 30 min. The cells were pelleted at 13,000 rpm for 30 sec in an Eppendorf 5415C table top centrifuge. The CAT assay was performed as described earlier (44) .
Western analysis. The cells were rinsed once with cold 1ϫ PBS and then scraped in PBS. The cells were pelleted and extracted in lysis buffer (homogenization buffer: [0.05 M potassium phosphate, 10 mM sodium molybdate, 50 mM sodium fluoride, 2 mM EDTA, 2 mM EGTA, 0.05% monothioglycerol]-0.4 M NaCl-protease inhibitors [1 mg/ml concentrations of aprotinin, leupeptin, antipain, benzamidine HCl, and pepstatin]-0.2 mM phenylmethylsulfonyl fluoride-1 mM sodium vanadate) by three freeze-thaw cycles. The cell debris was pelleted, and protein levels were measured by use of a Bradford reagent. Equal amounts of protein extracts were run on an SDS-PAGE gel, and the proteins were transferred to nitrocellulose overnight at 150 mA. Experiments were performed with three times more protein extract loaded on the gel in the lanes corresponding to the G 2 /M phase of the cell cycle to compensate for the lower total receptor expression level (see Fig. 4 and 7) . Lanes in the pERK Western blot (see Fig. 4 ) contained equal amounts of protein. After overnight transfer, the proteins on the membrane were analyzed by Western blotting by a method described earlier (30) .
Ligand binding assay. A whole-cell binding assay was performed with Cat0 cells synchronized in the different phases of the cell cycle as described earlier (33) . Briefly, cells were treated with 1 nM [ 3 H]R5020 for 6 h. Cells were washed five times with ice-cold PBS, and [ 3 H]R5020 was extracted with ethanol. Samples were counted in scintillation cocktail in a LS6500 counter (Beckman Coulter, Inc., Fullerton, Calif.). Nonspecific counts (from cells treated with a combination of 1 nM [ 3 H]R5020 and 500 nM radioinert R5020) were subtracted from total counts to yield specific counts bound. To normalize the counts to receptor levels, the cell extracts were run on an SDS-PAGE gel and blotted for total PR as mentioned above. The PR bands were densitometrically quantified, and the hormone-bound amount of receptor/total amount of receptor ratio was determined.
Processing of cells for deconvolution microscopy. All steps were performed at room temperature according to a protocol described earlier (38) . The cells were plated on coverslips at 300,000 cells per well in the aforementioned medium, synchronized as described earlier, and treated for 60 min. After treatment, the cells were fixed and processed by a method described earlier (31) .
Deconvolution microscopy. Deconvolution microscopy was performed on the processed and mounted coverslips with a Zeiss AxioVert S100 TV microscope (Carl Zeiss, Thornwood, N.Y.) and a Delta Vision restoration microscopy system (Applied Precision, Inc.). A Z series of focal planes were digitally imaged at constant exposure time and deconvolved with the Delta Vision constrained iterative algorithm to generate high-resolution images (38) . The intensity of the staining in the nucleus was determined by quantifying the intensity by the use of Metamorph software.
ChIP assay. ChIP assays were performed with synchronized cells as described earlier (20, 30) .
Real-time PCR. Real-time PCR was done with an ABI PRISM 7700 sequence detector and Taqman PCR master mix from Applied Biosystems (Foster City, CA). For MMTV, the forward primer was GGT TAC AAA CTG TTC TTA AAA CGA GGA, the reverse primer was AAC ACT AAG AGC TCA GAT CAG AAC ATT T, and the probe was TGA GAC AAG TGG TTT CCT GAC TTG GTT TGG T. For CAT, the forward primer was CGC AAG GCG ACA AGG TG, the reverse primer was CCA TCA CAG ACG GCA TGA TG, and the probe was CCT GAA TCG CCA GCG GCA TCA. The primers and probes were synthesized by Biosource International (Camarillo, Calif.). The TaqMan primers and probes were chosen on the basis of a method described in a previous publication (24) . The probes were made with 5Ј 6-carboxyfluorescein and 3Ј 6-carboxytetramethylrhodamine quencher fluorescence tags. The PCRs were performed under universal conditions of 95°C for 10 min and 40 cycles of 95°C for 15 s and 60°C for 1 min, and the data were collected and processed using sequence detection software from Applied Biosystems.
Real-time RT-PCR analysis. Total RNA was isolated from the cells using Trizol reagent (Invitrogen). The RNA was diluted 100-fold for MT2A and PR reverse transcriptase PCR (RT-PCR) and 1,500-fold for 18S rRNA detection. The message was analyzed using real-time PCR (ABI PRISM 7700 sequence detector; Applied Biosystems) and one-step real-time RT-PCR mix (Applied Biosystems) with TaqMan primers and probes for the metallothionein IIA gene (forward primer, GGC GTC GGA CAA GTG CAG; reverse primer, TTG TGG AAG TCG CGT TCT TTA C; probe, CTG GGA CAG CCC CGC TCCC [Biosource International]) and PR gene (forward primer, AGA AAT GAC TGC ATC GTT GAT AAA ATC; reverse primer, GGA CCA TGC CAG CCT GAC; probe, TCT GCC CAG CAT GTC GCC TTA GAA AGT GC) and a Taqman primer-probe set for 18S rRNA from Applied Biosystems. The RT-PCR was performed using a one-step RT-PCR reagent from Applied Biosystems under conditions of 48°C for 30 min, 95°C for 10 min, and 40 cycles of 95°C for 15 s and 60°C for 1 min, and the data were collected and processed using sequence detection software from Applied Biosystems.
All experiments were performed at least three times. In addition, reporter gene assays were performed in triplicate for each experiment. Statistical analysis was performed by one-way analysis of variance, and when significance (P Ͻ 0.05) was VOL. 25, 2005 CELL CYCLE DEPENDENCE OF PR FUNCTION 2887 revealed, a Holm-Sidak test was performed using Sigma Stat software to identify differences between the groups. All data are represented as means Ϯ standard errors.
RESULTS
Human PR activity is reduced in the G 1 and G 2 /M phases of the cell cycle. T47D cells stably transfected with MMTV-CAT (Cat0) were synchronized as shown in Fig. 1A , and the synchronization was confirmed by FACS analysis (Fig. 1B) . The cells, treated with 10 nM R5020 or left untreated, were harvested, and CAT activity was measured and normalized to total protein levels. Figure 2A shows greatly reduced PR activity, both basal and R5020 dependent, in the G 1 and the G 2 /M phases compared to the results seen with the S phase of the cell cycle or with unsynchronized cells. Analysis of the receptor level indicates equal levels of PR expression in the G 1 and S phases but reduced expression in G 2 /M phase (Fig. 2B , left panel). This reduction is also observed at the mRNA level (Fig.  2B , right panel). However, normalization of PR activity to the receptor levels obtained from densitometric scans of the blots still shows reduced PR activity in both G 1 and G 2 /M phases compared to S-phase results (Fig. 2C) .
Both basal and hormone-dependent activity appeared to be elevated in S phase. To determine whether the higher basal activity in S phase is receptor dependent, half of the cells were treated with 10 nM RU486 for the final 24 h of synchronization, RU486 was washed out, and the activity in both sets of cells was measured after an additional 6 h in serum-free me- Figure 2D shows a very substantial reduction in the basal transcriptional activity by RU486 treatment in the S phase with minimal effect on hormone-dependent activity, showing that the apparent higher basal activity in S phase is a receptor-dependent carryover from the synchronization procedure in FBS, which contains small amounts of progestin. In contrast, RU486 pretreatment had no effect in the G 1 and G 2 /M phases. 3 H]R5020 ethanol was extracted and measured. Normalization of the hormone binding activity to the receptor level was accomplished by fractionating the cell extracts on an SDS-PAGE gel, blotting with a PR antibody, and quantifying the signal densitometrically. (B) PR activity is comparable in cells treated with the chemicals. Cat0 cells were synchronized at the G 1 /S boundary with 4-hydroxy urea and treated with 100 M indole 3-carbinol or 1 g of nocodazole/ml in the presence of 4-hydroxy urea for 16 h or left untreated. The cells were washed, treated with 10 nM R5020 for 6 h or left untreated, and harvested, and CAT activity was measured and normalized to the total cellular protein levels. Urea, 4-hydroxy urea; I 3 C, indole 3-carbinol; CAT, chloramphenicol acetyltransferase. (C) Metallothionein IIA gene transcription induced by R5020 but not by CdCl 2 is impaired in the G 1 and G 2 /M phases of the cell cycle. Cat0 cells were synchronized as described for Fig. 1 . The cells were treated with vehicle, 10 nM R5020, or 5 M cadmium chloride for 6 h. RNA was isolated, and a real-time RT-PCR was performed for the metallothionein IIA gene and normalized to total ribosomal 18S RNA. *, significance at P Ͻ 0.05 from vehicle-treated S-phase cells and from the R5020-treated cells in G 1 and Ser 294 but not Ser 190 is impaired during the G 2 /M phase of the cell cycle. Cat0 cells were synchronized as indicated in Materials and Methods and treated with 10 nM R5020 for 60 min or left untreated. The cells were harvested, and protein was extracted, run on an SDS-6.5% polyacrylamide gel, and blotted with phosphospecific antibodies to Ser 162 , Ser 190 , and Ser 294 and for total PR as described in Materials and Methods. The Western blots were quantified; values for PR-B are expressed in the panels on the right as phosphorylation of the individual sites normalized to total receptor level. N.S. indicates a nonspecific band that appears above PR-A when blotted with phospho-Ser 294 antibody. *, significant difference in hormone-dependent phosphorylation at P Ͻ 0.05 in G 2 /M phase compared to the hormone-dependent phosphorylation in the S and G 1 phases. (B) Nocodazole does not inhibit PR phosphorylation in unsynchronized cells. Unsynchronized Cat0 cells were treated or not with 1 g/ml nocodazole (the level used to synchronize cells in G 2 /M phase). After 6 h, the cells were treated with 10 nM R5020 for 60 min or left untreated and harvested, and protein was extracted, run on a SDS-6.5% PAGE gel, and blotted with phosphospecific antibodies to Ser 162 ,
Reduced PR activity in the G 1 and G 2 /M phases is not due to the chemical treatments utilized to synchronize the cells. To explore the possibility that the reduced transcriptional activity of PR was due to the effects of the chemicals used to synchronize in the G 1 and G 2 /M phases as opposed to cell cycle phase-specific factors, several control studies were done. A comparison of the ratio of whole-cell-specific [
3 H]R5020 binding to total receptor measured by Western blotting revealed that the same proportion of receptor was capable of binding hormone in all phases of the cell cycle (Fig. 3A) .
To determine whether indole 3-carbinol or nocodazole alters PR activity independently of cell cycle distribution, cells were first synchronized at the G 1 /S boundary with 4-hydroxy urea. The cells were then incubated with indole 3-carbinol or nocodazole in the presence of 4-hydroxy urea (which prevents further cell cycle progression) for 24 h. The cells were washed, fed with fresh serum-free medium, and treated for 6 h, releasing them into S phase. As shown in Fig. 3B , the addition of the chemicals did not impair PR activity, suggesting that the impairment of PR activity in the G 1 and G 2 /M phases is cell cycle phase dependent and is not due to toxicity of the chemicals used. To determine whether similar changes in activity occur with an endogenous gene target and to test whether the reduced activity of PR in the G 1 and G 2 /M phases reflects a primary dependency on PR, we compared cadmium-and progesterone-induced activation levels of metallothionein IIA (MT2A) gene transcription. The promoter of MT2A has a hormone-responsive element and a metal-responsive element; transcription can be induced either by a heavy metal such as cadmium chloride (CdCl 2 ) or by a progestin such as R5020 (16, 37) . Cat0 cells were synchronized in the different phases and treated with vehicle, 10 nM R5020, or 5 M CdCl 2 , RNA was extracted, transcription of MT2A was measured by real-time RT-PCR, and expression was normalized to 18S. As shown in Fig. 3C , the levels of MT2A gene transcription induced by CdCl 2 are comparable in all of the phases whereas R5020-induced MT2A transcription is substantially reduced in the G 1 and G 2 /M phases compared to S-phase results. These results show that altered transcriptional activity of PR during cell cycle progression extends to an endogenous target gene and does not reflect changes in general gene regulation.
As an additional control to test for cell cycle dependence of transcriptional activity, unsynchronized T47D cells pretreated with 10 nM RU486 for 24 h were washed, transferred to medium containing charcoal-stripped serum, and treated with 10 nM R5020 for 6 h or left untreated. These cells were then stained with Hoechst 33342 dye, sorted by FACS, and collected for measurement of CAT activity. The proportions of cells present in the different phases of the cell cycle are shown in Fig. 3D . CAT activity was measured in the sorted cells and normalized to total protein levels. As shown in Fig. 3E , in similarity to our findings presented in Fig. 2A , PR activity was maximal in the S phase of the cell cycle.
Site-specific alterations in PR phosphorylation in the G 2 /M phase of the cell cycle. We have shown previously that most of the phosphorylation sites in PR contain Ser-Pro motifs (18) , suggesting that the sites are phosphorylated by cyclin-dependent kinases or mitogen-activated kinases. To determine whether PR phosphorylation activities differ during the cell cycle, we assessed the basal and hormone-dependent levels of phosphorylation at three specific sites by the use of phosphorylation site-specific antibodies. Cat0 cells were synchronized as described above and were treated with 10 nM R5020 for the final 60 min of the serum-free period or left untreated. The cells were harvested, and phosphorylation was detected by Western blotting with phosphospecific antibodies to Ser 162 (a PR-B specific site), Ser 190 , and Ser 294 . Total PR was measured using the 1294 antibody. To ensure equal total PR loading, 3ϫ cell extract from the cells synchronized in the G 2 /M phase was loaded to compensate for lower receptor expression. As shown in Fig. 4A but not Ser 190 was impaired in the G 2 /M phase compared to the G 1 or S phase. Moreover, the differential phosphorylation is not due to the nocodazole treatment, as unsynchronized Cat0 cells treated with nocodazole in the presence or absence of R5020 exhibited levels of phosphorylation comparable to the control cell results (Fig. 4B) . Note that the hormonedependent change in mobility of PR-B still occurs in G 2 /M phase, indicating that phosphorylation of these sites still occurs.
Phosphorylation of Ser 294 can be induced by p42/p44 MAPK (ERK) and by R5020 (22) , and the induction by R5020 and epidermal growth factor (EGF) involves different kinases (34) . As shown in Fig. 4C , R5020-dependent Ser 294 phosphorylation is not inhibited by the MEK inhibitor U0126, whereas EGFinduced Ser 294 phosphorylation is reduced by U0126, suggesting that the kinase(s) responsible for hormone-dependent phosphorylation of PR is not ERK. To determine whether reduced phosphorylation of Ser 162 and Ser 294 in G 2 /M phase was due to lack of a specific protein kinase activity or to an inaccessibility of these residues in PR, cells were synchronized and treated with EGF for 15 min or with vehicle or 10 nM R5020 for 60 min. Analysis of the cell extracts revealed that EGF-dependent phosphorylation of Ser 294 was detected in the Ser 190 , and Ser 294 and for total PR. (C) Involvement of different kinases in the R5020-and EGF-induced phosphorylation of Ser 294 . T47D cells were pretreated with U0126 (MEK inhibitor) for 3 h and then treated with 10 nM R5020 for 60 min or 100 ng of EGF/ml for 15 min. The cells were harvested, and protein was extracted, run on SDS-PAGE gels, and blotted with antibodies for p294 and total PR. (D) EGF-induced phosphorylation of Ser 294 is impaired during the G 2 /M phase of the cell cycle. Synchronized Cat0 cells were treated with vehicle, 10 nM R5020 for 60 min, or 100 ng of EGF/ml for 15 min. The cells were harvested, and protein was extracted, run on an SDS-PAGE gel, and blotted with phosphospecific antibodies to Ser 294 , ERK, and total PR. Due to the lower receptor levels in the G 2 /M phase of the cell cycle, a 3ϫ level of protein was loaded in the lanes corresponding to the G 2 /M phase in panels A and D. Equal amounts of protein were used for the pERK Western blot analysis whose results are shown in panel D. In all the panels, the antibodies used for the respective Western blots are given on the left of the Western blot and the receptor isoforms detected are given to the right. ERK, extracellular signal-regulated kinase.
VOL. 25, 2005 CELL CYCLE DEPENDENCE OF PR FUNCTION 2891 G 1 and S phases but not in G 2 /M phase despite the activation of ERK, which was measured using a phosphorylation-specific antibody (Fig. 4D) . These results suggest that PR is either in an altered conformation or associated with a protein(s) that occludes the Ser 294 site. Hormone-dependent relocalization of PR occurs in the S phase of the cell cycle. To determine whether altered receptor localization might contribute to reduced activity, synchronized Cat0 cells were treated with 10 nM R5020 for 60 min or left untreated, cells were fixed, and PR was detected by indirect immunofluorescence by the use of a deconvolution microscope. Previous studies had shown that in the absence of hormone, PR-B is found in both the cytoplasm and the nucleus whereas PR-A appears to be exclusively nuclear and treatment with hormone causes essentially complete nuclear localization of both forms (25) . Figure 5A shows that R5020-dependent translocation of PR occurs in the S phase of the cell cycle. However, substantial cytoplasmic staining is still observed in the G 1 and G 2 /M phases after hormone treatment. Quantification of the intensity of PR staining in the nucleus of approximately 250 cells in each phase shows a significant increase in R5020-dependent PR staining in the nucleus of cells in the S phase (Fig. 5B) only. Thus, nucleocytoplasmic shuttling of PR in response to progestin varies as a function of cell cycle and the higher nuclear/cytoplasmic ratio of PR in S phase correlates with higher transcriptional activity.
SRC-1, SRC-3, and CBP are maximally recruited in the S phase of the cell cycle. To identify defects in PR action at the molecular level that might account for lower activity of PR in G 1 and G 2 /M phases, the hormone-dependent recruitment of PR and its associated coactivators to the promoter of a stably integrated MMTV CAT reporter was measured by ChIP assays in synchronized Cat0 cells treated with 10 nM R5020 for 60 min or left untreated. ChIP assays were performed with the integrated MMTV promoter or with the nonspecific CAT coding region in the reporter gene. As shown in Fig. 6 , recruitment of SRC-1 and CBP but not PR was reduced in the G 1 phase compared to the S phase of the cell cycle. Recruitment of PR, SRC-1, and CBP was impaired in the G 2 /M phase, although this may have been due in part to the reduced receptor levels. The differential recruitment of SRC-1 was not due to reduced expression of SRC-1, as levels were comparable in all phases of the cell cycle (Fig. 6G) . Figure 6D , E, and F show the lack of recruitment of PR, SRC-1, and CBP, respectively, to the CAT region of the integrated MMTV gene, indicating the specificity of PR and coactivator association with the MMTV promoter region. Note the differences in the scales for MMTV and CAT. The range for CAT was adjusted so that the low level of hormone-independent nonspecific binding can be seen.
To address the cell cycle-dependent recruitment of other members of the p160 family of coactivators, another set of ChIP assays were performed with PR, SRC-1, and SRC-3 antibodies. An earlier study by Li et al. showed that although PR recruits SRC-1 and SRC-3 to the MMTV promoter, PR does not recruit TIF2/SRC-2 to this promoter in these cells (24) . In similarity to the results seen with SRC-1 and CBP, SRC-3 is also maximally recruited to the MMTV promoter in the S phase of the cell cycle (Fig. 7C ) without any alterations in its expression (Fig. 7D) .
Inhibition of HDAC increases the PR activity in the G 1 and G 2 /M phases but not in the S phase. Because the SRC-1/CBP complex contains histone acetyltransferases, we asked what effect inhibition of HDAC activity would have on the reduced activity of PR in G 1 and G 2 /M phases. To test this, synchronized Cat0 cells were treated with TSA, the HDAC inhibitor, for 16 h and then with vehicle or 10 nM R5020 for 6 h or left untreated. The cells were harvested, and CAT activity was measured and normalized to protein levels. As shown in Fig.  8A , TSA treatment elevated PR activity in the G 1 and G 2 /M phases to the level observed in the S phase but had little effect on S-phase activity. Treatment with TSA did not increase receptor protein levels, as determined by Western analysis for PR (Fig. 8A) . If anything, PR protein levels were slightly reduced in the TSA-treated cells, showing that the increased PR activity in G 1 and G 2 /M phases was not due to enhanced receptor expression. An earlier report suggested that the transcriptional activity of PR is dependent on the phosphorylation of Ser 294 and that mutation of this site leads to decreased PR function (36) . Since the presence of TSA increased the PR activity in G 2 /M phase, we speculated that TSA might be acting by inducing changes that facilitate phosphorylation of Ser 294 . However, Fig. 8B shows that the level of Ser 294 phosphorylation in the G 2 /M phase remains low in the presence of TSA, suggesting that another mechanism is responsible for activation.
DISCUSSION
Earlier studies from our lab identified PR as an in vitro substrate of cyclin A/Cdk2 (18) , and more recent studies show that Cdk2 is important for PR function (30) . Since cyclin A/Cdk2 is an S-phase kinase, we speculated that PR would exhibit the cell cycle dependence of its activity. As shown for the first time in this report, PR transcriptional activity is dependent on the phase of the cell cycle, with maximum activity observed in the S phase and much lower activity in the early G 1 and G 2 /M phases of the cell cycle (Fig. 2) . The difference observed may be an underestimation, as the synchronization procedures provide great enrichment in the desired phase of the cycle but do not result in 100% synchronization. The differential activation was also observed when the activity of an endogenous target gene, metallothionein IIA (MT2A), was measured (Fig. 3C) . That this response is not due to general alterations in transcription was confirmed by measuring the induction of MT2A in response to cadmium. Transcription of MT2A induced by cadmium chloride is not altered by the stages of the cell cycle. An independent assessment of PR activity as a function of cell cycle performed by the isolation of cells from an asynchronous population confirmed that PR activity is highest in S phase.
Only a few studies have analyzed the transcriptional activities of steroid receptors as a function of cell cycle. Earlier reports of studies of AR (26) and GR (15) combined with our study of PR show that the steroid receptors exhibit unique patterns of regulation. AR activity was found to be impaired in the G 1 /S transition but active in the G 0 and S phase of the cell cycle, but GR did not exhibit the same pattern of regulation (26) . Although the G 2 /M phase was not examined in this study, our results indicate that regulation of PR differs from that of either of these. Although our primary G 1 synchronization procedure differed, when we starved cells to place them in G 0 , as was done for AR, PR activity levels were very low and were comparable to our G 1 synchronization levels (data not shown).
Additionally, AR expression was reduced in G 1 /S compared to G 0 or S phase whereas PR expression is only reduced in G 2 /M phase. The basis for the reduction in PR expression has not been determined but is likely to be at the transcriptional level, FIG. 5 . Hormone-dependent PR redistribution into the nucleus in the S phase but not in the G 1 or G 2 /M phases of the cell cycle. Cat0 cells plated on coverslips were synchronized as described in Fig. 1 . The cells were treated with 10 nM R5020 for 60 min or left untreated, and the coverslips were immunostained with an antibody to total PR followed by an anti-mouse Alexa Fluor 488 antibody and processed as indicated in Materials and Methods. The cells were visualized with a deconvolution microscope, and the images were captured with softWoRx software as described in Materials and Methods. Green fluorescence in the figure is the PR immunofluorescence, and the blue fluorescence is the nucleus stained with DAPI. The intensity of PR staining in the nucleus in different phases of the cell cycle was quantified using Metamorph software and is expressed as a bar graph in panel B. *, significance at P Ͻ 0.05 of results from the vehicle-treated S-phase cells and from the R5020-treated cells in other phases. DAPI, 4,6-diamidino-2-phenylindole. VOL. 25, 2005 CELL CYCLE DEPENDENCE OF PR FUNCTION 2893
as PR mRNA levels are also reduced. Although PR is generally an estrogen receptor-regulated target, its expression is independent of ER in T47D cells (13, 14) . Earlier reports have also indicated that the function and phosphorylation of glucocorticoid receptor (GR) is impaired in the G 2 /M phase of the cell cycle (15) . However, a more recent report attributed the apparent reduction of GR activity in G 2 to the use of the synchronization agent Hoescht H33342 (1). When nocodazole was used to synchronize the cells, GR was active in G 2 phase, and although activation of an integrated target was impaired in M phase, a transiently transfected reporter was induced. Our use of nocodazole to syn- FIG. 6 . SRC-1 and CBP recruitment are maximal during the S phase of the cell cycle. Cat0 cells synchronized in different phases of the cell cycle as described in Materials and Methods were treated with 10 nM R5020 or left untreated and cross-linked, extracts were immunoprecipitated with antibodies to PR (A), SRC-1 (B), and CBP (C), and the recruitment to the MMTV promoter was determined by ChIP assays as indicated in Materials and Methods. As a measure of nonspecific binding, recruitment of PR (D), SRC-1 (E), and CBP (F) to the CAT coding region (nonspecific region) was determined using the primers generated to the CAT sequence as described in Materials and Methods. SRC-1 levels were determined by loading equal amounts of protein extracts on an SDS-6.5% PAGE gel and blotted with antibodies to SRC-1 and actin (panel G). All results are expressed as percentages of input. *, significance at P Ͻ 0.05 compared to the recruitment in R5020-treated S-phase cells. The results represent averages from three independent experiments. SRC-1, steroid receptor coactivator 1; CBP, CREB binding protein.
chronize the cells as well as the control treatments of cells in S phase supports the conclusion that the differences in activity observed are a result of the cell cycle synchronization rather than artifacts of exposure to the agents used to synchronize the cells.
Although the earlier studies of GR and AR have shown differences in activity throughout the cell cycle, the basis for these differences has not been identified. We have identified several cell cycle-specific changes that contribute to reduced activity. Although the levels of PR are the same in G 1 and S phases and comparable amounts of PR bind to the MMTV promoter in response to the presence of hormone, SRC-1, SRC-3, and CBP are poorly recruited in G 1 compared to S phase despite identical levels of SRC-1 and SRC-3. Others have shown that CBP recruitment by PR is dependent on SRC-1 (42). Our previous studies have shown that the interaction between PR and SRC-1 is enhanced by Cdk2 (30), a late G 1 -and S-phase kinase. The G 1 synchronization blocks the cells prior to Cdk2 activation. Thus, the lack of recruitment is likely due to a lack of phosphorylation. SRC-1 itself is a histone acetyltransferase (HAT), as are some of the proteins that it recruits, such as CBP. Moreover, there is a report that the HAT activity of CBP is higher at the G 1 /S transition than that seen in the early G 1 , G 0 , or G 2 /M phases (2) and that this is due to the phosphorylation of CBP by cyclin E Cdk2, a G 1 /S kinase. Our finding that TSA, the histone deacetylase inhibitor, restores activity in the G 1 phase indicates that the reduced activity is due to inadequate recruitment of HATs and subsequent acetylation. Blocking the deacetylation reactions restores PR function by reducing the rate of deacetylation. No enhancement of coactivator recruitment was observed in any phase with TSA treatment (data not shown).
The alterations in G 2 are more complex. First, the expression of PR is reduced and that theoretically might be sufficient to reduce PR activity. Indeed, the average amount of PR bound to the MMTV promoter is reduced compared to the results seen with the S phase, as is the amount of SRC-1, SRC-3, and CBP. Nonetheless, TSA treatment restores PR activity, suggesting that the net activity of the recruited HATs is the limiting factor in activating transcription from the MMTV promoter. In addition to the changes in cofactor recruitment and transcriptional activity, two additional striking changes were noted. First, PR phosphorylation measured using phosphorylation site-specific antibodies was site specifically reduced in the G 2 /M phase of the cell cycle. Whereas Ser 190 displayed comparable basal and hormone-dependent phosphorylation throughout the cell cycle, the phosphorylation of Ser 294 and Ser 162 is greatly reduced in G 2 phase. Ser 294 phosphorylation is strongly hormone dependent (9, 45) , and its phosphorylation has been reported to be important both for transcriptional activation and for receptor down-regulation (22, 36) . Although the site is present in both PR-B and PR-A, it is preferentially phosphorylated in the PR-B form (9) . We ( Fig. 4C) and others (36) have found that although this site can be phosphorylated by activation of p42/p44 MAPK, the hormone-dependent phosphorylation is mediated by an unidentified kinase. To distinguish between the possibility that the hormone-dependent kinase simply is not active in G 2 and the alternative possibility that the site is inaccessible due either to a conformational change in the receptor or occlusion by another protein, we asked whether activation of p42/p44 MAPK induced phosphorylation of Ser 294 and found that although the kinase was effectively activated, Ser 294 was not phosphorylated. Thus, the deficiency appears to be in the PR substrate. It is also possible that there is a higher level of a phosphatase that specifically dephosphorylates these sites, although we have no evidence for this. The lack of Ser 294 phosphorylation and subsequent actions is potentially an important component in the reduced PR activity in the G 2 phase. Interestingly, TSA treatment restored PR activity without concomitant phosphorylation of Ser 294 . Thus, blocking HDAC activity compensates for the lack of phosphorylation.
Finally, in looking for potential defects in subcellular localization, we noted substantial differences in the levels of distribution of PR in response to the presence of the progestin R5020. Previous studies had shown that whereas PR-A is essentially nuclear in the absence of hormone, PR-B is distributed between the cytoplasm and the nucleus (25) . Recent studies have revealed that upon hormone treatment, cytoplasmic PR-B activates src, resulting in activation of p42/p44 MAPK (5). This activity is dependent upon a proline-rich region in the amino terminus of PR (5) . The finding that PR retains cytoplasmic expression in the presence of hormone in the G 1 and G 2 /M phases of the cell cycle, but not in the S phase, suggests that PR can continue to activate src in the presence of hormone in some phases but not in others. Thus, the cytoplasmic actions of PR may be strongest in the phases of the cell cycle in which transcriptional activity is weakest. Moreover, the rapid extranuclear signaling induced by progestins in G 1 phase could promote progression through the restriction point, increasing the number of cells in S phase and, thus, the number of cells with transcriptionally active PR.
Most functional studies of nuclear receptors and other transcription factors measure the average activity in cells distributed throughout the cell cycle. Studies of nuclear receptors at the single-cell level that utilize techniques such as confocal microscopy have revealed heterogeneity of responses that has been attributed to a variety of factors, including overexpression (39) . Our studies highlight the significant differences that occur as a function of cell cycle and suggest that an analysis of receptor behavior as a function of cell cycle distribution would resolve some of these discrepancies.
